Hematopoietic progenitor kinase 1 (HPK1) regulates stress responses, proliferation, and apoptosis in hematopoietic cells. In this study, we examined the expression, regulation, and functions of HPK1 in pancreatic ductal adenocarcinomas (PDA). We found that loss of HPK1 protein expression correlated significantly with the progression of pancreatic intraepithelial neoplasias (P = 0.001) and development of invasive PDA. Similarly, HPK1 protein was not expressed in any of eight PDA cell lines examined but was expressed in immortalized human pancreatic duct epithelial (HPDE) cells. There was no difference in HPK1 mRNA levels in PDA cell lines or primary PDA compared with those in HPDE cells or ductal epithelium in chronic pancreatitis and normal pancreas, respectively. Treatment of Panc-1 cells with a proteasome inhibitor, MG132, increased the HPK1 protein levels in a dosedependent manner, suggesting that alteration in proteasome activity contributes to the loss of HPK1 protein expression in pancreatic cancer. Like the endogenous HPK1, both wild-type HPK1 and its kinase-dead mutant, HPK1-M46, overexpressed in Panc-1 cells, were also targeted by proteasome-mediated degradation. After MG132 withdrawal, wild-type HPK1 protein expression was markedly decreased within 24 hours, but kinase-dead HPK1 mutant protein expression was sustained for up to 96 hours. Therefore, HPK1 kinase activities were required for the loss of HPK1 protein in PDAs. Furthermore, restoring wild-type HPK1 protein in PDA cells led to the increase in p21 and p27 protein expression and cell cycle arrest. Thus, HPK1 may function as a novel tumor suppressor and its loss plays a critical role in pancreatic cancer. [Cancer Res 2009;69(3):OF1-8] 
Introduction
Pancreatic cancer is the fourth leading cause of cancer-related death in the United States (1) . Despite the treatment modalities available for pancreatic cancer (e.g., chemoradiation, surgery, or a combination of these), it has the worst prognosis of all the major malignancies, with <5% of patients alive at 5 years after diagnosis (2) . Therefore, new treatment modalities for pancreatic cancer are urgently needed. A promising approach is the targeted therapy that is directed toward aberrant molecular pathways in pancreatic cancer.
One possible avenue for such research is suggested by the fact that pancreatic ductal adenocarcinoma (PDA) develops from histologically well-defined precursor lesions, called pancreatic intraepithelial neoplasia (PanIN) . With the progression of PanIN lesions to invasive PDA, there is a gradual accumulation of molecular abnormalities that are commonly seen in invasive PDA, including K-ras activation by point mutation (3) and inactivation of the tumor suppressor genes p16 (4), SMAD4/DPC4 (5), and p53 (6) . Increased expression of the epidermal growth factor (EGF) family of mitogenic peptides, including EGF and transforming growth factor-a, cripto, amphiregulin, and h-cellulin, is a characteristic feature of PDA, along with elevated expression of their corresponding EGF receptor (EGFR)-related tyrosine kinase receptor subtypes, including EGFR and c-erb B/HER-2 (7). More recently, the mammalian Ste20-like serine/threonine kinase family has been shown to be involved in human malignancies (8) (9) (10) (11) . One member of this family, hematopoietic progenitor kinase 1 (HPK1; also named MAP4K1), is a downstream target of tumorigenesis suppressor Pdcd4 and plays a role in colon carcinoma cell invasion (12) . Many studies have identified the role of HPK1 in T-cell receptor (TCR) signaling and a variety of other signaling pathways, including EGF (13, 14) , transforming growth factor-h (15, 16) , protein kinase D (17) , prostaglandin E2 (18) , and erythropoietin (19) , in hematopoietic cells. Knockout studies have shown that HPK1 is a negative regulator of TCR signaling and T-cell-mediated immune responses (20) . HPK1 functions as a MAP4K in that it activates MAP3Ks, such as MLK3 and MEKK1, which signal through the well-established MKK4/MKK7, c-Jun NH 2 -terminal kinase (JNK), or stress-activated protein kinase cascades (21, 22) . A dominant-negative HPK1 construct that has a methionine substituted for Lys 46 (HPK1-M46), which abrogates ATP binding, fails to activate JNK (21, 23) . During apoptosis, HPK1 is cleaved at the DDVD motif by caspase-3 into the NH 2 -terminal kinase domain and the COOH-terminal region (24, 25) . The NH 2 -terminal kinase domain of HPK1 retains the ability to activate JNK, whereas the COOH-terminal region can inhibit nuclear factor-nB (NF-nB) activation (24, 25) . Thus, HPK1 promotes apoptosis by activating JNK, increasing the surface expression of FasL, and inhibiting NFnB activation. HPK1 activation also involves tyrosine phosphorylation and the formation of inducible complexes with several adaptor proteins, including Gads, Nck, and Crk (23, 26) . It has been postulated that, through these adaptor proteins, HPK1 is connected to membrane tyrosine kinase receptors, which leads to JNK activation and plays a critical role in many important cellular processes. Although phosphorylation and caspase-3-mediated cleavage have been implicated in HPK1 regulation, the details of the in vivo regulation of HPK1 remain largely unknown.
Many studies have identified the role of HPK1 in stress response, proliferation, and apoptosis in hematopoietic cells; the function of HPK1 in human malignancies has, however, not been examined. In this study, we examined HPK1 protein expression in PanIN lesions of different histologic grades, human PDA samples, and their paired benign pancreatic tissue. We also examined the molecular mechanisms that regulate HPK1 expression in PDAs. Furthermore, we examined HPK1 functions in cell cycle arrest and its downstream targets in PDAs. Our data showed for the first time that HPK1 may function as a tumor suppressor, and its loss may play a critical role in the tumorigenesis and/or progression of pancreatic cancer.
Materials and Methods
Immunohistochemistry for HPK1 protein expression in human PDAs and PanIN lesions. Immunohistochemical staining for HPK1 was performed on 8 human PDA cell lines and on 79 human PDA samples and their matched benign pancreatic tissues using a PDA tissue microarray, which was constructed using formalin-fixed, paraffin-embedded archival tissue blocks as described previously (27) . For each patient, two tumor cores and two cores of benign pancreatic tissue were sampled from the representative areas using a 1.0-mm punch. Immunohistochemistry was also performed on 18 PanIN lesions of different histologic grades using whole sections from the pancreatic tissue blocks. The Institutional Review Board of The University of Texas M. D. Anderson Cancer Center approved the use of human tissue for this study. The expression levels of HPK1 protein were evaluated using an indirect immunoperoxidase method (Vectastain ABC Elite standard kit, Vector Laboratories) according to the manufacturer's protocol. Briefly, antigen retrieval was performed using a steamer for 35 min. Anti-HPK1 (N-19; Santa Cruz Biotechnology, Inc.) was used at a 1:500 dilution at 4jC overnight, secondary antibody at room temperature for 60 min, and counterstained with Mayer's hematoxylin. Tumors or benign pancreatic ductal tissue with no or only weak focal cytoplasmic staining for HPK1 (<5% of the neoplastic cells) was regarded as negative. Tumors or benign pancreatic ductal tissue with strong cytoplasmic staining for HPK1 (z5% of the neoplastic cells) was regarded as positive.
RNA isolation and reverse transcription-PCR. Frozen OCT-embedded human samples of primary PDA, chronic pancreatitis, and normal pancreas were microdissected and total RNA isolation was performed as described previously (28) . Total RNA was isolated from pancreatic cancer cell lines or stable HPK1/Panc-1 cells using TRI Reagent (Molecular Research Center, Inc.). One microgram of total RNA was reverse transcribed using the avian myeloblastosis virus reverse transcriptase kit (Promega) according to the manufacturer's protocol. Briefly, total RNA was denatured for 5 min at 70jC and cooled for 5 min on ice, reverse transcriptase was added to a total volume of 20 AL, and reverse transcription was conducted for 60 min at 42jC. For standard PCR, 1.0 AL of the reverse transcription products was amplified using a HotStart AmpliTaq Gold polymerase (Applied Biosystems). The primer sequences for HPK1 and h-actin and the PCR conditions were the same as described previously (21) . The PCR products were separated on 1.5% agarose gels.
Quantitative reverse transcription-PCR (RT-PCR) was performed using a second set of primers specific for HPK1 (QuantiTect Primer Assays, Qiagen, Inc.). To correct for quantitative differences between samples and possible PCR artifacts, we used primers specific for RPS6 ( forward, 5 ¶-AAGGAGA-GAAGGATATTCCTGGAC-3 ¶; reverse, 5 ¶-AGAGAGATTGAAAAGTTTGCG-GAT-3 ¶) as internal controls in each sample. Amplification was performed using a thermal cycler (Bio-Rad Laboratories, Inc.) for 40 cycles consisting of 20 s at 95jC (denaturation), 1 min at 60jC (annealing), and 1 min at 60jC (extension). Each quantification PCR was performed in triplicate, and the mean values were used to calculate the ratios of HPK1 to RPS6, with a value of 1 used as the control. All assays were repeated at least thrice.
Cell treatment, immunoblotting, and antibodies. Cells were treated with MG132 (Calbiochem) for the indicated times and at the indicated doses. Protein expression was analyzed by 10% SDS-PAGE, which was electroblotted onto polyvinylidene difluoride membranes (Novex), blocked in 5% skim milk in 1Â TBS, and probed with the following primary antibodies: HPK1, p21, p27, and actin antibody (all from Santa Cruz Biotechnology). Proteins were detected using an enhanced chemiluminescence kit (Amersham-Pharmacia Biotech).
Cell culture and stable transfection. The human pancreatic cancer cell lines Panc-1, BxPC-3, AsPC-1, and Capan-1 were purchased from the American Type Culture Collection. The Panc-48, Panc-02, CFPAC-1, Panc-3, Panc-28, and Capan-2 pancreatic cancer cells were generously provided by Dr. Paul Chiao (The University of Texas M. D. Anderson Cancer Center). All cell lines were maintained either in DMEM or in RPMI 1640 supplemented with 10% fetal bovine serum in a humidified incubator containing 5% CO 2 at 37jC. The human pancreatic duct epithelial (HPDE) cell line was provided as a generous gift from Dr. Ming-Sound Tsao (Ontario Cancer Institute, Toronto, Ontario, Canada).
To establish HPK1 stable cell lines, we transfected the Panc-1, Panc-28, or AsPC-1 cells with pCIneo-Flag-tagged vectors of wild-type HPK1 and its kinase-dead mutant HPK1-M46 using FuGENE6 Transfection Reagent (Roche Diagnostics Corp.). The transfected cells were subsequently selected in the presence of G418 (500 Ag/mL) to establish the stable clones. The stable clones expressing either wild-type HPK1 or mutant HPK1-M46 constructs were screened by RT-PCR.
Immunocomplex kinase assays. Immunocomplex kinase assays were performed as described previously (21) . Cell growth studies and fluorescence-activated cell sorting analysis. Cell growth was analyzed using the tetrazolium-based 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H -tetrazolium, inner salt (MTS) assay referred to as CellTiter 96 (Promega) according to the manufacturer's instructions. Briefly, cells were either untreated or treated with 0.5 Amol/L MG132 for 24, 48, and 72 h, and cell numbers were estimated using the MTS assay, with MTS added to the wells 1 h before the photometric reading. Standard propidium iodide staining by the hypotonic lysis method was used for the cell cycle studies. Panc-1, vector control, and HPK1 stable cells were seeded into 100-mm dishes and either treated with 0.5 Amol/L MG132 or left untreated. After 24 and 48 h, cells were collected by trypsinization, washed once with cold PBS, mixed with 500 AL of hypotonic solution (0.1% sodium citrate, 0.1% Triton X-100, 100 Ag/mL RNase, and 50 Ag/mL propidium iodide), and analyzed by flow cytometry 30 min later. Fluorescence-activated cell sorting (FACS) analysis and cell counting were done in parallel and yielded results similar to those of the MTS assay. FACS analysis and MTS assays were repeated thrice.
Statistical analysis. Statistical analysis was performed using Fisher's exact test and unpaired t test with a P value of <0.05 was considered statistically significant.
Results
Loss of HPK1 expression is associated with the progression of PanIN lesions and invasive PDAs. To evaluate HPK1 protein expression in PDAs and benign pancreatic tissue, we performed immunohistochemistry on 79 human PDA samples and paired samples of benign pancreatic tissues. Representative micrographs are shown in Fig. 1 . In benign pancreatic tissue, HPK1 was expressed only in the ductal epithelium. Pancreatic acinar cells or islet (endocrine) cells showed either negative or only focal weak staining for HPK1 (Fig. 1A) . High levels of HPK1 protein were detected in the pancreatic ducts of all 79 benign pancreatic tissue samples. In contrast, only 3 of 79 (4%) PDA samples showed positive staining for HPK1 and 76 PDA samples (96%) were negative for HPK1 protein (P < 0.0001; Fig. 1B) . Furthermore, the eight PDA cell lines that were included in our tissue microarray also showed negative staining for HPK1 protein by immunohistochemistry (data not shown).
To further examine the role of HPK1 in the development of PDAs, we examined HPK1 expression in 18 PanIN lesions of different histologic grades. We found that HPK1 was expressed in six of six (100%) of the PanIN1 lesions, in two of five (40%) of the PanIN2 lesions, but in none of the seven PanIN3 lesions (P < 0.001; Fig. 1C-F) . Therefore, the loss of HPK1 expression correlates with the progression of PanIN lesions and the development of invasive PDAs.
Analysis Fig. 2A . Consistent with our immunohistochemical findings, we found HPK1 protein to be expressed only in the HPDE cells, but not in any of the eight human PDA cell lines examined.
To understand the loss of HPK1 protein expression in PDAs, we measured HPK1 mRNA levels in eight human PDA cell lines and the HPDE cells by RT-PCR and quantitative RT-PCR (QRT-PCR) using two sets of primers targeting the different regions of the HPK1 sequences. RT-PCR results for HPK1 mRNA levels in HPDE cells and eight human PDA cell lines are shown in Fig. 2B . Panc-02, a mouse PDA cell line, served as specificity control for human HPK1 primers. QRT-PCR results for HPK1 mRNA levels in HPDE cells and these eight human PDA cell lines are shown in Fig. 2C . We observed no significant difference in HPK1 mRNA levels between the eight human PDA cell lines and the HPDE cells using either RT-PCR or QRT-PCR. In addition, we also examined HPK1 mRNA expression levels in the microdissected ductal epithelial cells from six cases of PDA, five cases of chronic pancreatitis, and five samples of normal pancreas. No significant difference in HPK1 mRNA levels was observed among primary PDA, chronic pancreatitis, and normal pancreas (Fig. 2D ). These findings indicate that HPK1 is down-regulated at the protein level, not at the mRNA level. HPK1 is down-regulated through a proteasome-dependent pathway in pancreatic cancer. Using HEK293T cells and cotransfection assays, we previously showed that HPK1 protein is ubiquitinated and targeted by proteasome-mediated degradation (29) . Therefore, we examined whether treatment with a proteasome inhibitor, MG132, would restore HPK1 protein expression in PDA cell lines. We found that MG132 enhanced HPK1 protein expression in a dose-dependent manner in Panc-1 cells (Fig. 3A) , indicating that HPK1 is subject to ubiquitin-targeted degradation in PDA cells. Similar results were obtained in Panc-1 cells treated with another proteasome inhibitor, PS-341, and in BxPC3 cells treated with either MG132 or PS-341 (data not shown). Therefore, alterations in proteasome activities may lead to the loss of HPK1 protein expression in pancreatic cancer.
HPK1 kinase activity is required for its degradation. To examine the role of HPK1 in pancreatic cancer, we established the stable cell lines overexpressing wild-type HPK1 or kinase-dead mutant HPK1-M46 using Panc-1 cells. The clones that had significantly higher levels of HPK1 mRNA than the parental control cells were selected as stable clones (Fig. 3B) . The clones that had HPK1 mRNA levels similar to the parental control cells were used as vector control. We then verified HPK1 protein expression by Western blotting using an anti-HPK1 antibody. HPK1 protein expression was barely detectable in the HPK1/Panc-1 stable clone. Similarly, mutant HPK1-M46 protein expression was also very low in the HPK1-M46/Panc-1 stable clone (Fig. 3C) . Both wild-type and mutant HPK1-M46 protein expression were markedly increased in a dose-dependent manner by MG132 treatment (Fig. 3C) . These data indicate that, like the endogenous HPK1 protein, the overexpressed wild-type and mutant HPK1-M46 proteins are also targeted by proteasome degradation in PDAs.
A notable feature of mammalian Ste20-like kinases, including HPK1, is that the overexpressed kinases are somehow activated, at least partially, in the absence of external stimuli. To verify whether overexpressed HPK1 is activated in the absence of external stimuli, we performed immunocomplex kinase assays using stable clones treated with MG132. We found that clones overexpressing wildtype Flag-HPK1 (c1) showed strong kinase activity toward MBP (Fig. 4A) . However, the kinase activities were not detectable in parental Panc-1 cells or in the stable clones overexpressing kinasedead mutant HPK1-M46 (m1, Fig. 4A ). To examine whether HPK1 kinase activities affected the stability of HPK1 proteins in PDA cells, we treated Panc-1 stable clones c1 or m1 with 2.0 Amol/L MG132 for 24 hours and then measured HPK1 protein expression by Western blotting at 0 (24 hours after treatment), 24, 48, 72, and 96 hours after withdrawal of MG132. Wild-type HPK1 protein expression in c1 stable cells was markedly reduced during the first 24 hours and was barely detectable at 72 or 96 hours after MG132 withdrawal (Fig. 4B) . In contrast, the kinase-dead mutant HPK1-M46 protein expression in m1 stable cells was sustained even at 96 hours after MG132 withdrawal (Fig. 4C) , indicating that HPK1 kinase activity is required for its degradation.
HPK1 inhibits cell proliferation and increases the expression of cyclin-dependent kinase inhibitors p21 and p27. To investigate the potential role of HPK1 proteins in pancreatic cancer cell proliferation, we compared cell growth rates by performing MTS assays. Under normal culture conditions without MG132 treatment, HPK1 was not expressed or activated in any cell lines. All PDA cell lines had similar growth rates (Fig. 5A) . In contrast, when the cell lines were treated with 0.5 Amol/L MG132, which stabilized and activated wild-type HPK1 proteins in c1 and c2, c1 and c2 had significantly lower proliferation rates than the parental Panc-1 cells, vector control cells, and m1 cells (Fig. 5B) , suggesting that HPK1 kinase activity was required for HPK1-mediated cell growth inhibition. We further confirmed these findings by FACS analysis (Fig. 5C and D) . After 24-hour treatment of 0.5 Amol/L MG132, the percentages of S-phase cells were 25.0% and 20.5% for the c1 and c2 stable cells, respectively, which were significantly lower than those for the Panc-1 parental cells (53.4%), vector control cells (51.5%), and m1 cells (43.5%; Fig. 5C ). Similar results were observed after 48 hours of MG132 treatment (Fig. 5D) . Consistent with the MTS assays, we found no significant difference in the percentage of S-phase cells among the untreated c1, c2, Panc-1 parental, vector control, and m1 cells (Fig. 5C and D) . These data suggest that HPK1 played a role in inhibiting the growth of pancreatic cancer cells.
Loss of cell cycle control is the key feature in tumor cell growth. p21 and p27 are two important cyclin-dependent kinase (CDK) inhibitors and negative regulators of the G1-to-S phase transition. While investigating the negative regulatory role of HPK1 in cell cycle distribution, we found that HPK1 overexpression/activation led to increased protein expression of both p21 and p27 in c1 and c2 clones compared with the parental Panc-1 cells after treatment with 0.5 Amol/L MG132 for 48 hours (Fig. 6A) . However, no increase in either p21 or p27 protein levels was detected in kinasedead mutant m1 cells after MG132 treatment compared with the treated parental Panc-1 cells (Fig. 6A) . Similar results were obtained using Panc-28/wild-type HPK1 stable clones (c11 and c12) and Panc-28/kinase-dead mutant stable cells (m11) after MG132 treatment (Fig. 6B) and AsPC-1 cells (data not shown). These findings indicate that HPK1 contributes to the increase of p21 and p27 through its kinase activity, which provides direct evidence of a functional relationship between HPK1 and cell growth inhibition through p21 and p27 stabilization or induction.
Discussion
Considerable evidence has suggested that HPK1 plays a critical role in the regulation of the JNK pathway in hematopoietic cells (21) . It has been shown that the JNK pathway is activated in pancreatic cancer cells by tumor necrosis factor-a and EGF (30) (31) (32) . However, the JNK cascade has not been systematically studied in pancreatic cancer cells. Little is known about the upstream regulator of JNK pathway in pancreatic cancer. In this study, we first examined HPK1 protein expression in 79 human PDA samples and their paired benign pancreatic tissue, 18 PanIN lesions of different histologic grades, 8 PDA cell lines, and HPDE cells. We found that loss of HPK1 protein expression was strongly associated with the progression of PanIN lesions and the development of invasive PDAs. Although there was no detectable HPK1 protein expression in any of the eight PDA cell lines examined, the HPK1 mRNA levels in these cell lines were similar to those in the HPDE cells, which had HPK1 protein expression. Proteasome inhibitor treatment increased HPK1 protein expression in a dose-dependent manner in the Panc-1 cells. Thus, our data suggest that alterations in proteasome activity contribute to the loss of HPK1 protein expression in PDAs. Using the stable cell lines, we found that the kinase-dead mutant HPK1 protein was much more stable than the wild-type HPK1 protein after MG132 Figure 4 . HPK1 kinase activity is required for its proteasome-mediated degradation. A, after MG132 treatment, HPK1 kinase activity was present only in wild-type HPK1/Panc-1 stable clones (c1 ), not in kinase-dead mutant HPK1/ Panc-1 stable clones (m1 ) or in parental Panc-1 cells. Panc-1 cells and stable clones, c1 and m1, were either treated or untreated with 0.5 Amol/L MG132 for 24 h, and cell lysates were immunoprecipitated with an anti-Flag M2 antibody. Immunocomplex kinase assays were performed using the MBP as a substrate. B and C, time courses of the wild-type HPK1 protein and the kinase-dead mutant HPK1 protein after MG132 withdrawal. Wild-type HPK1 and kinase-dead mutant HPK1 proteins were monitored by Western blotting. Stable clones, c1 and m1, were either untreated (control) or treated with 2.0 Amol/L MG132 for 24 h. Cells were then washed and maintained in fresh medium without MG132 and harvested at 0, 24, 48, 72, and 96 h after MG132 withdrawal. withdrawal, suggesting that HPK1 kinase activity was required for its degradation. Furthermore, we found that wild-type HPK1 protein overexpression and activation in pancreatic cell lines led to increase of p21 and p27 protein expression and inhibition of G1-to-S phase progression compared with parental cells or kinasedead stable cells, indicating that HPK1 kinase activity contributes to the stability of p21 and p27 and cell growth arrest. Thus, HPK1 may function as a tumor suppressor in PDAs, and its loss may play a critical role in the tumorigenesis of pancreatic cancer.
Although previous studies have shown that HPK1 is predominantly expressed in the hematopoietic cells, our data showed that HPK1 is expressed at high levels in benign pancreatic ducts but not in the acinar cells or islet cells in benign pancreatic tissue. What is more important is that there was a progressive loss of HPK1 protein with the progression of PanIN lesions from low-grade PanIN to high-grade PanIN3 and invasive PDAs. Our data showed for the first time that the loss of HPK1 in pancreatic cancer was mainly due to ubiquitin proteasome-mediated degradation, not due to the down-regulation of HPK1 mRNA. The proteasomemediated degradation of signaling molecules of the mitogenactivated protein kinase pathways has been reported previously (33) . In addition, other members of the Ste20 family, germinal center kinase (GCK) and GCK-related kinase, are regulated by proteasomal degradation, which requires kinase activity (34) . The specificity of ubiquitination is typically governed by the E3 enzymes. It would be interesting to determine which E3 ligase is responsible for HPK1 degradation in pancreatic cancer. Several activated receptor and cytoplasmic tyrosine kinases, including the EGFR, have been shown to stimulate the tyrosine phosphorylation of the HPK1 serine/threonine kinase (13) . Because HPK1 kinase activity may be responsible for its degradation in pancreatic cancer, it will be interesting to investigate whether the EGF pathway, which plays a critical role in pancreatic cancer tumorigenesis (35, 36) , Cells were plated at an equal density, and the percentage of S-phase cells was analyzed by FACS analysis. Columns, mean from three experiments. *, P < 0.05. Figure 6 . HPK1-mediated cell cycle arrest was associated with p21 and p27 protein stabilization in Panc-1 (A ) and Panc-28 cells (B). Cells were either untreated or treated with 0.5 Amol/L MG132 for 48 h; cell extracts were subjected to immunoblotting for HPK1, p21, and p27 expression. Actin was used as the loading control.
activates HPK1 and contributes to its degradation in pancreatic cancer.
HPK1 has been shown to play an important role in stress response, proliferation, and apoptosis in hematopoietic cells through NF-nB, JNK, and extracellular signal-regulated kinase (ERK) 2 (20, 21, 24) . However, the role of HPK1 in human malignancies has not been reported. In this study, we showed for the first time that restoration of wild-type HPK1 protein expression and its kinase activities in pancreatic cell lines increased the expression of the two CDK inhibitors, p21 and p27, which have been shown to mediate antiproliferative response in many types of human tumors, including pancreatic cancer (37) (38) (39) . By showing that HPK1 induced p21 and p27 in pancreatic cancer and led to cell cycle arrest, we provided further evidence that HPK1 functions as a tumor suppressor gene in PDAs. However, the mechanism by which HPK1 induces p21 and p27 protein expression in pancreatic cell lines is not currently known and will be the subject of future investigation. It has been reported that JNK1 is dynamically associated with p21 and increases its stability by inducing phosphorylation at Ser 130 , which inhibits the ubiquitination of p21 (40) . It is possible that HPK1 activates JNK and stabilizes p21 through JNK1 activation. Several studies have suggested that the Ras-ERK1/2 signaling pathway is involved in the mitogen-induced down-regulation of p27 (41, 42) . Because HPK1 has been reported to be a negative regulator of ERK2 (20) , it may regulate p27 levels through HPK1-mediated ERK2 inhibition.
Many questions remain about the mechanisms by which HPK1 up-regulates p21 and p27 protein expression and about the importance of their induction in HPK1-mediated cell cycle arrest in pancreatic cancer. Although HPK1 may regulate p21 or p27 protein stability through its phosphorylation mediated by JNK, ERK2, or other pathways that are presently unknown, it is possible that HPK1 increases p21 and p27 mRNA levels through transcriptional mechanisms. On the other hand, it might be necessary to silence p21 and p27 individually or together by RNA interference to further evaluate their role in HPK1-mediated cell cycle arrest. A more detailed investigation of HPK1 functions in pancreatic cancer will be the focus of future studies.
In summary, we showed that the serine/threonine kinase HPK1 is lost in pancreatic cancer. The loss of HPK1 is associated with the progression of PanIN lesions and invasive PDA, and thus, it may contribute to the tumorigenesis of pancreatic cancer. We also showed that the loss of HPK1 protein expression in PDA was through proteasome pathway, which required HPK1 kinase activity for its degradation. By showing that HPK1 stabilized p21 and p27 in pancreatic cancer and led to cell cycle arrest, we provide further evidence that HPK1 may function as a tumor suppressor gene in PDA. The development of novel treatment strategies directed toward HPK1 may be an important approach for controlling pancreatic tumor growth.
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